A high-fat diet has been shown to significantly increase the risk of the development of Alzheimer's disease (AD), a neurodegenerative disease histochemically characterized by the accumulation of amyloid beta (Aβ) protein in senile plaques and hyperphosphorylated tau in neurofibrillary tangles. Previously, we have shown that saturated free fatty acids (FFAs), palmitic and stearic acids, caused increased amyloidogenesis and tau hyperphosphorylaion in primary rat cortical neurons. These FFA-induced effects observed in neurons were found to be mediated by astroglial FFA metabolism. Therefore, in the present study we investigated the basic mechanism relating astroglial FFA metabolism and AD-like changes observed in neurons. We found that palmitic acid significantly increased de-novo synthesis of ceramide in astroglia, which in turn was involved in inducing both increased production of the Aβ protein and hyperphosphorylation of the tau protein. Increased amyloidogenesis and hyperphoshorylation of tau lead to formation of the two most important pathophysiological characteristics associated with AD, Aβ or senile plaques and neurofibrillary tangles, respectively. In addition to these pathophysiological changes, AD is also characterized by certain metabolic changes; abnormal cerebral glucose metabolism is one of the distinct characteristics of AD. In this context, we found that palmitic acid significantly decreased the levels of astroglial glucose transporter (GLUT1) and down-regulated glucose uptake and lactate release by astroglia. Our present data establish an underlying mechanism by which saturated fatty acids induce AD-associated pathophysiological as well as metabolic changes, placing 'astroglial fatty acid metabolism' at the center of the pathogenic cascade in AD.
Introduction
Alzheimer's disease (AD) is a progressive neurodegenerative disease mostly affecting basal forebrain, cortex and hippocampus, whereas cerebellum is relatively spared (Smith, 1998; Giasson et al., 2002) . Pathologically, AD is characterized by extracellular deposits of amyloid beta (Aβ) protein and intracellular accumulation of neurofibrillary tangles (Mattson, 2004) . Aβ possesses aggregating properties leading to the formation of senile plaques, a characteristic feature of AD (Glenner, 1988) . Aβ aggregates exert toxicity to nerve cells and thus have been considered to play a central role in AD-associated neurodegeneration (Yankner et al., 1990; Mattson et al., 1992; Chang & Suh, 2005) . Neurofibrillary tangles, the other major characteristic of AD pathology, consist of paired helical filaments of microtubule-associated tau protein, which is hyperphosphorylated in AD (Lee et al., 2000) . The hyperphosphorylation of tau disrupts the cytoskeleton of neurons, which leads to their degeneration thus playing an important role in AD pathology (Mattson et al., 1992) . In addition to these pathophysiological changes, AD is also characterized by abnormal metabolic changes; glucose metabolism in AD brain is decreased by 46% compared with healthy individuals and is considered to precede the neuropathological changes associated with the disease (Hoyer, 1991) .
Despite these data the causal mechanisms leading to these pathophysiological and metabolic abnormalities associated with AD are not well understood. Various studies have implicated the possible involvement of saturated fatty acids in the pathogenesis of AD. Epidemiological studies suggest that a high-fat diet is a major risk factor for the development of AD and the degree of saturation of fatty acids is critical in determining the risk for AD (Grant, 1999; Solfrizzi et al., 2005; Scarmeas et al., 2006) . This notion is further supported by various invivo studies where mice fed a western, high-fat (21-40%)/high-cholesterol (0.15-1%) diet developed AD-like pathophysiological changes in their brain (Levin-Allerhand et al., 2002; Shie et al., 2003; Oksman et al., 2006) . In addition, various vascular diseases, such as diabetes mellitus, hypertension and obesity, pose a significant risk for developing AD and are characterized by increased levels of saturated free fatty acids (FFAs) in the plasma (Skoog et al., 1996; Arvanitakis et al., 2004; Monti et al., 2004; Whitmer Rachel et al., 2005) Similarly, traumatic brain injury has been established as an independent risk factor for AD (Guo et al., 2000) and is characterized by elevated levels of palmitic and stearic acids in the brain (Homayoun et al., 1997) , with palmitic acid (PA) increasing from ~ 60 to 180 μM and stearic acid from ~ 50 to 350 μM (Lipton, 1999) . Finally, apolipoprotein E4 is an important genetic risk factor for AD and its risk may be further increased by a hyperlipidemic lifestyle (Petot et al., 2003) .
Previously, we have shown a direct causal role of saturated fatty acids, palmitic and stearic fatty acids, in the amyloidogenic processing of amyloid precursor protein and the hyperphosphorylation of tau in neurons mediated by astroglia (Patil & Chan, 2005; Patil et al., 2006) . The aim of the present study was to further our mechanistic understanding of the role of astroglial FFA metabolism in causing the aforementioned pathophysiological changes as well as the abnormal glucose metabolism associated with AD.
Materials and methods

Isolation and culture of primary rat cortical neurons and astroglia
Primary cortical neurons were isolated from 1-day-old Sprague-Dawley rat pups and cultured as described by Chandler et al. (1993) . All procedures were performed according to guidelines approved by the Institutional Animal Care and Use Committee at Michigan State University. In brief, the animal heads were submerged in ice-cold 70% ethanol briefly and decapitated. The brains were removed and subjected to the procedure for isolating the neuronal cells. The cells were plated on poly-L-lysine-coated six-well plates at the concentration of 2 × 10 6 cells/well in fresh cortical medium [Dulbecco's modified Eagle's medium (this and all other media are from Invitrogen, CA, USA) supplemented with 10% horse serum (Sigma, St Louis, MO, USA), 25 mM glucose, 10 mM HEPES (Sigma), 2 mM glutamine (BioSource International, CA, USA), 100 IU/mL penicillin and 0.1 mg/mL streptomycine]. After incubating for 3 days (37 °C, 5% CO 2 ), the medium was completely replaced with 3 mL of cortical medium supplemented with 5 μM cytosine-β-arabinofuranoside (Cal-biochem, CA, USA). Subsequently, after 2 days, the neuronal culture was switched back to cortical medium without cytosine-β-arabinofuranoside. The experiments were performed on 6-7-day-old neuronal cultures. To obtain primary cultures of astroglial cells, the cortical cells from 1-day-old Sprague-Dawley rat pups were cultured in astroglial medium Dulbecco's modified Eagle's medium/Ham's F12 medium (1 : 1), 10% fetal bovine serum (Biomeda, CA, USA), 100 IU/mL penicillin and 0.1 mg/mL streptomycine (Pshenichkin & Wise, 1995) . The cells were plated on poly-L-lysine-coated, six-well plates at the concentration of 2 × 10 6 cells/well. The culture medium was changed every 2 days. After 8-10 days of culture (37 °C, 5% CO 2 ) in excess of 95% pure astroglial culture was obtained, which was used for the experiments. At 24 h prior to the treatment of astroglia with fatty acids, the medium was changed from astroglial medium to neuronal cell culture medium.
Ceramide measurement
Astroglia were washed with ice-cold phosphate-buffered saline and lipids were then extracted by using the chloroform/methanol method as described by Bligh & Dyer (1959) . The organic phase was dried under N 2 and the ceramide was measured after its deacylation to sphingolipid base and derivatization with o-phthaldehyde as described earlier (Merrill et al., 1988) . Briefly, the dried lipids from the organic phase were resuspended in 500 μL of 1 N KOH in methanol and incubated at 100 °C for 1 h to deacylate ceramide to free sphingolipid bases. The lipids were then dissolved in 50 μL of methanol and 50 μL of ophthaldehyde reagent was added. o-Phthaldehyde reagent was prepared by mixing 99 mL of boric acid (3% w/v in water, pH 10.5), 1 mL of ethanol containing 50 mg o-phthaldehyde (Sigma) and 50 μL of β-mercaptoethanol (Sigma). The derivatized sample aliquots (20 μL) were quantified by high-performance liquid chromatography using a Nova Pak C18 column (60 Angstrom, 4 μm, 3.9 × 150 mm; Waters, MA, USA). Fluorescent-labeled lipids were eluted isocratically by using methanol/5 mM potassium phosphate (pH 7.0) (90 : 10, v/v) at a flow rate of 0.6 mL/min and detected with fluorescence detector (excitation wavelength 340 nm, emission wavelength 455 nm). A standard curve obtained by running known amounts of ceramide (type III, from bovine brain sphingomyelin; Sigma) was used as a comparison to determine ceramide levels in the experimental samples.
Lactate dehydrogenase assay
The secreted and intracellular levels of lactate dehydrogenase (LDH) were measured to determine the cell toxicity in astroglial cells by using a cytotoxicity detection kit (Roche, IN, USA). The cytotoxicity was determined as a percentage, i.e. the fraction of LDH released into the medium (LDH medium ), relative to the total LDH (LDH medium and intracellular LDH):
Immunostaining of reactive oxygen species
Intracellular reactive oxygen species (ROS) were detected by staining with the oxidantsensitive dye 5-(6)-chloromethyl-2′,7′-dichlorodihy-drofluorescein (DCF) diacetate (DA) (Molecular Probes, OR, USA). H 2 DCFDA is cleaved of the ester groups by intracellular esterases and converted into the membrane-impermeable, nonfluorescent derivative H 2 DCF. Oxidation of H 2 DCF by ROS results in highly fluorescent 2,7-dichlorofluorescein (Sauer et al., 2001 ). The cells were incubated for 30 min at 37 °C with 2 μM 5-(6)-chloromethyl-2′,7′-dichlorodi-hydrofluorescein diacetate in Hanks' balanced salt solution without phenol red (Invitrogen). The cells were then washed three times with phosphate-buffered saline and analysed with confocal microscopy (Zeiss LSM, 5 Pa).
Western blot analyses
For western blotting, the following antibodies were used: BACE1 (Chemicon, CA, USA), AT8 (Pierce Biotechnology, Rockford, IL, USA), PHF-1 (from Dr P. Davies, Albert Einstein College of Medicine, New York, NY, USA), Tau-1 (Chemicon), glycogen synthase kinase 3 (GSK-3)α/β (Chemicon), phospho-GSK-3α/β (Sigma), MAP Erk1/2 (Cell Signaling Technology, MA, USA), phospho-MAP Erk1/2 (Cell Signaling), cyclindependent kinase 5 (cdk5) (Santa Cruz Biotechnology, CA, USA), p35/p25 (Santa Cruz Biotechnology), GLUT1 (Novus Biologicals, CO, USA) and actin (Sigma). To extract membrane proteins (BACE1 and GLUT1), cells were washed three times with ice-cold Trisbuffered saline (25 mM Tris, pH 8.0, 140 mM NaCl and 5 mM KCl) and lysed for 20 min by scraping into ice-cold radioimmunoprecipitation assay buffer [1% (v/v) Nonidet P-40, 0.1% (w/v) sodium dodecyl sulfate, 0.5% (w/v) deoxycholate, 50 mM Tris, pH 7.2, 150 mM NaCl, 1 mM Na 3 VO 4 and 1 mM phenylmethylsulfonyl fluoride, all chemicals from Sigma] (Wen et al., 2004) . To extract all other proteins, radioimmunoprecipitation assay buffer containing 1% (v/v) Triton, 0.1% (w/v) sodium dodecyl sulfate, 0.5% (w/v) deoxycholate, 20 mM Tris, pH 7.4, 150 mM NaCl, 100 mM NaF, 1 mM Na 3 VO 4 , 1 mM EDTA, 1 mM EGTA and 1 mM phenylmethylsulfonyl fluoride (all chemicals from Sigma) was used (Williamson et al., 2002) . The total cell lysate was obtained by centrifugation at 13 000 g for 15 min at 4 °C. The total protein concentration was measured by a BCA protein assay kit (Pierce Biotechnology). Equal amounts of total protein from each condition were run at 200 V on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (Bio-Rad, CA, USA).
The separated proteins were transferred to nitrocellulose membranes for 1 h at 100 Vand incubated at 4 °C overnight with the appropriate primary antibodies (1 : 1000 BACE1, 1 : 200 AT8, 1 : 200 PHF-1, 1 : 2000 Tau-1, 1 : 1000 GSK-3α/β, 1 : 1000 phospho-GSK-3α/β, 1 : 1000 MAP Erk1/2, 1 : 1000 phospho-MAP Erk1/2, 1 : 1000 cdk5, 1 : 1000 p35/p25, 1 : 500 GLUT1 and 1 : 2000 actin). Blots were washed three times in phosphate-buffered saline-Tween and incubated with appropriate horseradish peroxidase-linked secondary antibodies (Pierce Biotechnology) diluted in phosphate-buffered saline-Tween for 1 h at room temperature (25°C). After washing three times in phosphate-buffered saline-Tween, blots were developed with the SuperSignal West Femto Maximum Sensitivity Substrate (Pierce Biotechnology) and imaged with ChemiDoc (Bio-Rad). QUANTITY ONE software (Bio-Rad) was used to quantify the signal intensity of the protein bands.
ELISA measurements of amyloid beta 40 and amyloid beta 42
For Aβ measurements, the media and neuronal cells were collected after 24 h of treatment. The media were treated with protease inhibitor cocktail (Sigma) and cleared by brief centrifugation (1500 g, 5 min, 4 °C). Aβ40 and Aβ42 in the media were measured by using colorimetric sandwich ELISA according to the manufacturer's instructions (Wako Chemicals, VA, USA). The cells were lysed and the intracellular protein was measured by using the BCA protein assay kit (Pierce Biotechnology), which was used to normalize the Aβ40 and Aβ42 values.
Measurement of glucose uptake and lactate production
For measurement of glucose uptake and lactate production, the conditioned media were collected immediately after experimental treatment and centrifuged for 10 min at 1500 g to remove any cell debris. The glucose and lactate concentrations in the media were measured by using enzymatic glucose (Stanbio Laboratories, TX, USA) and lactate (Trinity Biotech, MO, USA) assays. The glucose uptake and lactate production were calculated by using the differences between the metabolite concentrations in the media before and after the treatment. The data were normalized by using total intracellular protein levels.
Measurement of intracellular ATP in astroglia
To measure the intracellular ATP levels, astroglia were washed with ice-cold phosphatebuffered saline and then lysed with 0.7% perchloric acid. The perchloric acid was neutralized by using 0.7 N NaOH. The neutralized samples were used to measure intracellular ATP levels with a luciferase-based chemiluminescent assay (Molecular Probes).
Data analyses
Data are shown as means ± SD for the indicated number of experiments. Student's t-test and one-way ANOVA with Tukey's post-hoc method were used to evaluate statistical significances between different treatment groups. Statistical significance was set at P < 0.05.
Results
Palmitic acid metabolism by astroglia and increased de-novo synthesis of ceramide
Previously, we showed that saturated FFAs, PA and stearic acid, had no direct deleterious effects on primary rat cortical neurons; however, these FFAs, through their metabolism by primary rat cortical astroglia, exerted AD-like pathological effects (increased amyloidogenesis and tau hyperphosphorylation) in cortical neurons (Patil & Chan, 2005; Patil et al., 2006) . This led us to further investigate the FFA metabolism by cortical astroglia. In the present study, we treated cortical astroglia with 0.2 mM PA for 24 h and measured the cellular levels of ceramide with high-performance liquid chromatography. We found that the cellular level of ceramide was significantly increased in PA-treated astroglia as compared with untreated astroglia (74 ± 10%, P < 0.05, n = 3, Fig. 1 ). The PA treatment of astroglia and consequent increase in ceramide levels did not cause cellular stress in astroglia (Fig. 2) or affect the astroglial cell viability compared with controls as measured by percentage LDH release (Fig. 3 ). Treatment with 300 μM H 2 O 2 was used as a positive control and significantly increased LDH release from astroglia (45 ± 1%, P < 0.05, n = 3, Fig. 3 ). This is supported by a previous study (Gorina et al., 2005) . The PA-induced increase in the astroglial ceramide synthesis was completely blocked by incubating the astroglia with 2 mM L-cycloserine (L-CS) (Fig. 1) . L-CS inhibits serine palmitoyltransferase, an enzyme that catalyses the first committed step of de-novo synthesis of ceramide.
Involvement of astroglial ceramide in palmitic acid-induced amyloidogenesis and tau hyperphoshorylation in neurons
Here, we treated cortical astroglia with 0.2 mM PA for 24 h and then used the astrogliaconditioned media to treat cortical neurons for 24 h. After 24 h of treatment, the media were collected for measurement of secreted Aβ levels and the neurons were washed, lysed and the total cellular protein was used for western blot analysis of the different proteins. As shown in Fig. 4 , the treatment of neurons with the conditioned media from PA-treated astroglia significantly increased BACE1 levels (62 ± 7%, P < 0.05, n = 3). BACE1 is a rate-limiting enzyme in the amyloidogenic processing of amyloid precursor protein leading to the formation of C-terminal fragments of amyloid precursor protein (C99), which are further processed by γ-secretase to form Aβ; a slight increase in BACE1 levels leads to a dramatic increase in the production of Aβ40/42 (Li et al., 2006) . In this context, we found that the PA-astroglia-treated neurons significantly increased secretion of Aβ40 (178 ± 13%, P < 0.05, n = 3) and Aβ42 (208 ± 25%, P < 0.05, n = 3) as compared with controls (Fig. 4) . In addition, the phosphorylation of tau was significantly increased in neurons treated with the conditioned media from PA-treated astroglia as observed by immunoblotting with two different antibodies, PHF-1 (28 ± 4%, P < 0.05, n = 3, Fig. 5 ) and AT8 (47 ± 2%, P < 0.05, n = 3, Fig. 5 ). The PHF-1 and AT8 antibodies recognize tau protein hyperphosphorylated at AD-specific phosphoepitopes; PHF-1 recognizes tau phosphorylated at Ser396 and Ser404 (Otvos et al., 1994) , whereas AT8 is specific for tau phosphorylated at Ser202 and Thr205 (Goedert et al., 1995) . Ser202, Ser396 and Ser404 are three of the nine abnormal tau phosphorylation sites associated with neurofibrillary tangles in AD (Gong et al., 1994) . In addition to PHF-1 and AT8 antibodies, we also carried out immunoblotting with Tau-1 antibody, which detects all of the isoforms of dephosphorylated tau, thus acting as a negative control. As expected, Tau-1 was significantly decreased in PA-astroglia-treated neurons as compared with control-astroglia-treated neurons (Fig. 5) . As PA treatment was found to elevate de-novo synthesis of ceramide in astroglia, we wanted to investigate a possible involvement of astroglial ceramide in the observed PA-astroglia-induced amyloidogenesis and tau hyperphosphorylation in neurons. For this, we treated astroglia with 2 mM L-CS together with 0.2 mM PA for 24 h and then transferred the astrogliaconditioned medium to the neurons (24 h treatment). The inhibition of astroglial ceramide synthesis by L-CS treatment blocked the PA-astroglia-induced BACE1 up-regulation, Aβ production and hyperphosphorylation of tau (Figs 4 and 5) . To eliminate the possibility that the observed inhibitory effects of L-CS may be a direct effect of L-CS in the astrogliaconditioned media on neurons, in a separate experiment we added 2 mM L-CS to the conditioned media from astroglia just before transferring to neurons. We found that this treatment of neurons (but not the astroglia) with L-CS did not inhibit the PA-astrogliainduced pathophysiological changes observed in neurons (data not shown).
We further studied the possible activation of various AD-related kinases (GSK-3α/β, cdk5 and MAPK Erk1/2) (Gomez-Ramos et al., 2003) , one or more of which may be responsible for the observed PA-astroglia-induced tau hyperphosphorylation, and potentially activated by ceramide. An increase in the phosphorylation of these enzymes was used as an indicator of their activation. As shown in Fig. 6A , levels of phosphorylated GSK-3α/β (Tyr279/ Tyr216) were significantly increased in PA-astroglia-treated neurons as compared with controls, without any significant change in the levels of total GSK-3α/β. GSK-3α phosphorylated at Tyr279 and GSK3-β phosphorylated at Tyr216 suggest increased activity (Emamian et al., 2004) . In addition to activating GSK-3α/β, PA treatment also increased the cleavage of cdk5 activator p35 to p25 (Fig. 6B) . p25 accumulates in the brains of AD patients and the conversion of p35 to p25 suggests augmented activity of cdk5 (de la Monte et al., 2000; Lee et al., 2000) . Finally, there was no change in the levels of total and phosphorylated MAPK Erk1/2 in the PA-astroglia-treated neurons as compared with control-astroglia-treated neurons (Fig. 6C) , suggesting no change in its activity. The treatment of astroglia with 2 mM L-CS inhibited both the PA-astroglia-induced increase in the level of phosphorylated GSK-3α/β and the cleavage of p35 to p25 (Fig. 6 ). To further evaluate the possible involvement of these enzymes in the PA-astroglia-induced tau hyperphosphorylation in neurons, we treated neurons with the pharmacological inhibitors of these enzymes, 10 mM LiCl 2 (for GSK-3α/β), 10 μM roscovitine (for cdk5) and 30 μM PD98059 (for MAPK Erk1/2). The treatment with LiCl 2 , but not roscovitine and PD98059, inhibited the PA-astroglia-induced hyperphosphorylation of tau in neurons (Fig. 7) .
Palmitic acid-induced abnormal glucose metabolism in astroglia
In addition to the observed involvement of PA in causing AD-like pathophysiological changes described above, we wanted to study its potential effect on glucose metabolism, which is severely compromised in AD. To study the effects of PA on cellular glucose metabolism, neurons and astroglia were treated with 0.2 mM of PA for 24 h. As shown in Fig. 8A , there was no change in the glucose uptake and lactate production in neurons treated with PA as compared with the untreated neurons. In the astroglia, however, PA treatment significantly decreased basal glucose uptake and lactate release (Fig. 8B) . Interestingly, the level of astroglial glucose transporter (GLUT1) was found to be significantly downregulated in PA-treated astroglia as compared with the untreated astroglia (51 ± 2%, P < 0.05, n = 3, Fig. 9 ). To further investigate the perturbed astroglial metabolism due to PA treatment, we measured cellular ATP production in astroglia. We expected PA treatment to decrease astroglial ATP production in the light of our observation that PA decreases glucose uptake. However, we found that there was an increase in ATP production in the PA-treated astroglia as compared with the untreated astroglia (Fig. 10) . The increased ATP production in PA-treated astroglia may be due to the uptake and increased oxidation of PA by astroglia. In support of this, it has previously been shown that, although PA inhibits glucose oxidation, PA oxidation itself makes up for this and thereby prevents ATP loss, which otherwise would be expected due to the reduced glucose oxidation (Smith et al., 1999; King et al., 2001) . Furthermore, it has been shown that, although glucose utilization is reduced in AD brain, oxygen consumption and CO 2 production are unchanged or even increased as compared with healthy controls (Fukuyama et al., 1994; Hoyer, 1998) . Thus, it has been hypothesized that substrates other than glucose (e.g. FFAs and endogenous amino acids) may be oxidized in AD brain (Hoyer, 1991) , which may partially compensate for the energy deficit observed in AD brain due to decreased glucose metabolism (Pettegrew et al., 1995) .
Discussion
In the present study, we investigated the underlying mechanism by which saturated fatty acids, through their uptake and metabolism by astroglia, lead to AD-like pathophysiological and metabolic changes. We found that saturated fatty acid (PA) induced de-novo synthesis of ceramide in primary astroglia. These data are in agreement with a previous report that also demonstrated significant uptake of PA by astroglia followed by transient increase in denovo ceramide synthesis (Blazquez et al., 2000) .
Increased ceramide levels have been suggested to be central to AD pathology; ceramide levels were found to be elevated in AD brain as compared with brains of healthy controls and the levels were higher in the affected regions (cortex and hippocampus) as compared with the unaffected regions (cerebellum) of the AD brain (Han et al., 2002; Cutler et al., 2004) . At the subcellular level, immunohistochemical analysis of AD brain showed abnormal expression of ceramides in the astroglia (Satoi et al., 2005) . Furthermore, the exogenous addition of ceramide to neurons has been shown to induce Aβ production (Puglielli et al., 2003) . Our findings reported here, however, are the first to demonstrate a direct causal role of astroglial PA metabolism and endogenously synthesized ceramide in astroglia, in causing Aβ production and tau hyperphosphorylation in neurons, two characteristic signatures of AD pathology. The PA-induced, de-novo-synthesized ceramide was also found to be involved in activating two of the oxidative stress-dependent kinases (cdk5 and GSK-3) as shown by increased cleavage of p35 to p25 and increased levels of phosphorylated GSK-3, respectively. Previously, we showed that conditioned media from FFA-treated astroglia caused oxidative stress in neurons (Patil & Chan, 2005) . The increased oxidative stress may increase intracellular Ca 2+ accumulation in neurons (Numakawa et al., 2007) , thus activating Ca 2+ -dependent cysteine protease (calpain), which induces cleavage of p35 to p25 (Lee et al., 2000) . p25 has been shown to be accumulated in the brains of patients with AD and its increased level has been associated with augmented activity of cdk5, which in turn may lead to the hyperphosphorylation of tau. However, in the present study, cotreatment of neurons with a potent cdk5 inhibitor, roscovitine, did not inhibit the observed PA-astroglia-induced hyperphosphorylation of tau, thus suggesting that PAastroglia-induced hyperphosphorylation of tau in primary rat cortical neurons is independent of the observed activation of the cdk5 pathway. Our results agree with a previous report that showed that, in primary rat hippocampal neurons, cleavage of p35 to p25 and subsequent activation of cdk5 were not involved in the hyperphosphorylation of tau (Kerokoski et al., 2002) . However, through the use of the pharmacological GSK-3 inhibitor LiCl 2 , we found that GSK-3 played a role in the PA-astroglia-induced tau hyperphosphorylation observed in neurons. GSK-3 was previously shown to be involved in causing both tau hyperphosphorylation and Aβ production, and is thus central and essential in the development of AD; GSK-3β is involved in hyperphosphorylation of tau and its other isoform GSK-3α is involved in Aβ production by regulating the activity of γ-secretase (Phiel et al., 2003; Takashima, 2006) . These studies, together with our present data, further emphasize the central role of PA-induced abnormal astroglial ceramide metabolism in causing AD-like pathophysiological characteristics.
In addition to the aforementioned pathophysiological changes, AD is also characterized by abnormal metabolic changes. In the patients who are genetically pre-disposed to AD, cerebral metabolic changes occur well before any pathophysiological manifestation of the disease (Gibson, 2002) . Among them, decreased cerebral glucose metabolism is a distinct characteristic of AD brain (Mosconi, 2005; Ogawa et al., 2005) . In AD brain, glucose utilization and ATP formation are decreased significantly (approximately 46 and 19%, respectively) as compared with healthy controls (Hoyer, 1991) . The decreased glucose metabolism and energy production may play a central role in causing Aβ production and tau hyperphosphorylation Planel et al., 2004; Hoyer et al., 2005; Velliquette et al., 2005; Gong et al., 2006) . At the subcellular level, although neurons are traditionally considered to be primary users of glucose in the brain (Chih et al., 2001) , more recent studies suggest a central role of astroglia in the cerebral glucose utilization, in which case astroglia take up glucose and produce lactate, the latter supplied to neurons as a fuel for their metabolic activities and energy production (Pellerin & Magistretti, 1994; Chih et al., 2001; Kasischke et al., 2004) . Thus, the decreased glucose metabolism observed in AD brain may suggest decreased glucose uptake and metabolism of glucose by the astroglia. In this regard, we found that PA treatment significantly decreased glucose uptake and lactate release by astroglia. The observed down-regulation in glucose uptake by astroglia in the presence of PA may be attributed to the PA-induced down-regulation of astroglial glucose transporter (GLUT1) levels. Interestingly, AD brain is characterized by significant reductions in GLUT1 levels (Simpson et al., 1994) and the disease severity is associated with a progressive decline in GLUT1 gene expression (Mandelin, 2000) . Thus, together these data may suggest a central role of saturated FFAs in causing abnormal glucose metabolism in addition to the AD-like pathophysiological changes discussed earlier.
Alzheimer's disease is a peculiar neurodegenerative disease in that the observed pathophysiological and metabolic damage is found to be region-specific and cell typespecific; basal forebrain, cortex and hippocampus are affected, whereas cerebellum is relatively spared and the cholinergic neurons are the type of neurons most affected (Beffert et al., 1999; Szutowicz et al., 2006) . Here, it is interesting to note that different brain regions show differential FFA metabolic activities; the activity of fatty acyl-CoA synthetase is 10× lower in cerebellum as compared with the other affected brain regions (Szutowicz & Lysiak, 1980) . Fatty acyl-CoA synthetase is the first enzyme involved in cellular FFA metabolism, which converts fatty acid to fatty acyl-CoA, which is then utilized by the cells in catabolic (e.g. β-oxidation) and anabolic (e.g. ceramide synthesis) pathways (Pei et al., 2003) . These studies, together with our present data, may suggest that, under pathologically elevated levels of saturated FFAs, cerebellum may be less likely to be affected by abnormal FFA metabolism due to its lower activity level of fatty acyl-CoA synthetase as compared with the other (affected) brain regions and thus may explain, in part, the region-specific damage observed in AD brain. Furthermore, we previously showed that FFA metabolism by astroglia results in increased ROS production in neurons (Patil & Chan, 2005; Patil et al., 2006) . The elevated ROS, in turn, were found to be involved in causing BACE1 upregulation and tau hyperphosphorylation in neurons (Patil & Chan, 2005; Patil et al., 2006) , suggesting a central role of oxidative stress in FFA-induced damage. Thus, elevated FFA metabolism associated with higher fatty acyl-CoA synthetase activity in the affected regions (basal forebrain, cortex and hippocampus) may lead to increased oxidative stress in these regions compared with unaffected regions (cerebellum). In this context, it is interesting to note that, in AD brains, oxidative stress markers are higher in the affected regions than in the unaffected regions (Sultana et al., 2006a,b) . The increased oxidative stress may be damaging, particularly to the basal forebrain cholinergic neurons as these neurons have been shown to lack an important antioxidative enzyme, seleno-glutathione peroxidase (Trepanier et al., 1996) . This may account, in part, for the cell type-specific damage observed in AD pathology; a substantial loss of basal forebrain cholinergic neurons is a distinct feature of AD (Wu et al., 2005) . Furthermore, these basal forebrain cholinergic neurons, through their long ascending projections, innervate cortical and hippocampal regions (McKinney et al., 1983) and the increased oxidative stress in these regions of AD brain may lead to the degeneration of these projections from the cholinergic neurons. In this context, it is also interesting to note that Aβ plaques, hallmarks of AD, have been shown to be specifically located where the projection of the basal forebrain cholinergic neurons degenerates (Arendt et al., 1985; Ransmayr et al., 1989) .
Based on our findings, we propose the following sequence of events by which saturated FFAs may play a central role in the pathogenesis of AD (Fig. 11) . Various risk factors associated with AD, e.g. high-fat diet, diabetes, brain trauma, etc., may account for the elevated levels of saturated FFAs in AD brain. The saturated FFAs are taken up and metabolized by astroglia, down-regulating astroglial GLUT1 levels and glucose metabolism. Furthermore, astroglial FFA metabolism results in the increased production of ROS in neurons. This may be due to the increased levels of ceramides in FFA-treated astroglia; ceramide may induce the secretion of cytokines (Lieb et al., 1997) or other signaling molecules, e.g. nitric oxide (Pahan et al., 1998) , by astroglia, which may induce ROS production in neurons (Floyd et al., 1999; Wei et al., 2000) . The increased oxidative stress in neurons causes BACE1 up-regulation and GSK-3 activation, which in turn results in the increased Aβ production and the hyperphosphorylation of tau, respectively.
In summary, we found that, under pathological levels of PA, its metabolism by astroglia is involved in causing the AD-like pathophysiological as well as metabolic changes. In particular, PA-induced de-novo synthesis of ceramide in astroglia was found to play a causal role in increasing Aβ production and hyperphosphorylating tau in neurons, two main pathophysiological changes associated with AD. It would be a significant step forward in AD research if saturated FFAs were shown to exert their risk for the development of AD through a similar mechanism in vivo. Thus, we plan to further investigate astroglial FFA metabolism in vivo, which may help in uncovering more clues that may be translated into potential targets for therapeutic intervention in AD. Palmitic acid (PA)-induced, de-novo synthesis of ceramide in astroglia. Astroglia were treated for 24 h with 0.2 mM PA or 4% bovine serum albumin [control (C)], after which cellular lipids were extracted for ceramide determination by high-performance liquid chromatography. PA significantly increased ceramide synthesis in astroglia, which was completely inhibited by treatment of astroglia with 2 mM L-cycloserine (L-CS), an inhibitor of de-novo synthesis of ceramide. Data are taken from three different experiments and are expressed as mean ± SD. One-way ANOVA with Tukey's post-hoc method was used for analysing the differences between treatment groups. *P < 0.05 compared with control; #P < 0.05 compared with PA treatment. Immunostaining of intracellular reactive oxygen species (ROS) in astroglia. Astroglia were treated for 24 h with 0.2 mM of palmitic acid (PA) or 4% bovine serum albumin (control) and then stained with 5-(6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate for intracellular ROS detection and examined with confocal fluorescence microscopy (Zeiss LSM, 5 Pa). Objective lens magnification, 40×. Measurement of lactate dehydrogenase (LDH) release from astroglia treated with palmitic acid (PA). Treatment for 24 h with 0.2 mM PA failed to liberate LDH from astroglia as compared with controls. In contrast, 1 h treatment of astroglia with 300 mM H 2 O 2 (positive control) induced significant LDH liberation after 24 h as compared with both control and PA-treated cells. Data are taken from three different experiments and are expressed as mean ± SD. One-way ANOVA with Tukey's post-hoc method was used for analysing the differences between treatment groups. *P < 0.05 compared with control. Involvement of astroglial ceramide in palmitic acid (PA)-astroglia-induced tau hyperphosphorylation in neurons. In neurons treated with conditioned media from PAtreated astroglia, tau was found pathologically hyperphosphorylated as shown by immunoblotting with PHF-1 and AT8 antibodies. Tau-1 detects dephosphorylated tau, thus showing decreased levels in PA-astroglia-treated neurons. These PA-astroglia-induced tau abnormalities were blocked by inhibiting astroglial ceramide synthesis with 2 mM Lcycloserine (L-CS). Histograms corresponding to PHF-1 and AT8 blots represent quantitative determinations of intensities of the relevant bands normalized with actin. Data represent mean ± SD of three independent experiments. One-way ANOVA with Tukey's post-hoc method was used for analysing the differences between treatment groups. *P < 0.05 compared with control (C); #P < 0.05 compared with PA treatment. Palmitic acid (PA)-astroglia-induced activation of Alzheimer's disease-specific kinases in neurons is mediated by astroglial ceramide. Conditioned media from PA-treated astroglia activated (A) glycogen synthase kinase 3 (GSK-3) [increased levels of phosphorylated GSK-3 (P-GSK-3)] and (B) cyclin-dependent kinase 5 (cdk5) (increased cleavage of p35 to p25) but not (C) MAP Erk1/2 [no change in the levels of phosphorylated MAP Erk1/2 (P-MAP Erk1/2)]. The treatment of astroglia with 2 mM L-cycloserine (L-CS) inhibited PAastroglia-induced activation of both GSK-3 and cdk5. Data are representative of three different experiments. C, control. Glycogen synthase kinase 3 (GSK-3) is involved in palmitic acid (PA)-astroglia-induced tau hyperphosphorylation in neurons. Astroglia-conditioned media were transferred to neurons, with or without various kinase inhibitors, i.e. 10 mM LiCl 2 (GSK-3 inhibitor), 10 mM roscovitine (cyclin-dependent kinase 5 inhibitor) and 30 mM PD98059 (mitogen-activated protein kinase inhibitor). Immunoblot analysis with PHF-1 and AT8 antibodies shows that only LiCl 2 inhibited the observed PA-induced tau hyperphosphorylation in neurons.
Abbreviations
Histogram data represent mean ± SD of three independent experiments. One-way ANOVA and Tukey's post-hoc method was used for analysing the differences between treatment groups. *P < 0.05 compared with control; #P < 0.05 compared with PA treatment. C, control. Palmitic acid (PA) down-regulates glucose uptake and lactate release by astroglia. The cortical neurons and astroglia were treated for 24 h with 0.2 mM of PA or 4% bovine serum albumin. (A) In neurons, PA treatment did not change glucose uptake and lactate production. (B) PA treatment significantly decreased glucose uptake and lactate production by astroglia. Data represent mean ± SD of six experiments. Student's t-test was used for analysing the differences between the two treatment groups. *P < 0.05 compared with respective control. C, control. Palmitic acid (PA) down-regulates GLUT1 level in astroglia. Astroglia were treated for 24 h with 0.2 mM of PA or 4% bovine serum albumin. The immunoblot analysis shows that PA treatment significantly decreased the levels of GLUT1 as compared with the untreated astroglia. β-actin is shown as a marker for protein loading. The histogram represents quantitative determinations of intensities of the relative bands normalized with actin. Data represent mean ± SD of three independent experiments. Student's t-test was used for analysing the differences between the two treatment groups. *P < 0.05 compared with respective control (C). Measurement of intracellular ATP in astroglia. The cortical astroglia were treated for 24 h with 0.2 mM of palmitic acid (PA) or 4% bovine serum albumin. PA treatment increased cellular ATP production in astroglia. Data represent mean ± SD of three experiments. Student's t-test was used for analysing the differences between the two treatment groups. *P < 0.05 compared with respective control (C). Proposed cellular mechanism by which astroglial free fatty acid (FFA) metabolism leads to Alzheimer's disease (AD)-like physiological and metabolic changes. The elevated levels of saturated FFAs associated with various risk factors for AD down-regulate glucose metabolism in astroglia (decrease in GLUT1 levels, glucose uptake and lactate production in astroglia). Furthermore, FFA-treated astroglia secrete factor(s) that induce reactive oxygen species (ROS) production in neurons. The increased ROS production leads to up-regulation of BACE1 levels and glycogen synthase kinase 3 (GSK-3) activity, which in turn cause amyloidogenic processing of amyloid precursor protein (APP) and hyperphosphorylation of tau, respectively. The FFA-induced ceramide synthesis in astroglia plays a central role in causing the above-mentioned AD-like pathophysiological changes in neurons.
